Context: Total pancreatectomy with islet auto transplantation (TPIAT) is a treatment for medically refractory chronic pancreatitis that can prevent postsurgical diabetes in some patients. Predictors of insulin independence are needed for appropriate patient selection and counseling.
Results: Ten of 34 (29%) patients were insulin independent 1 year after TPIAT. All patients with impaired fasting glucose and/or impaired glucose tolerance preoperatively were insulin dependent at 1 year. In age-adjusted regression analyses, fasting glucose # 90 mg/dL [odds ratio (OR) = 6.56; 1.11 to 38.91; P = 0.04], 1-hour OGTT glucose # 143 mg/dL (OR = 6.65; 1.11 to 39.91; P = 0.04), and 2-hour OGTT glucose # 106 mg/dL (OR = 11.74; 1.46 to 94.14; P = 0.02) were significant predictors of insulin independence. In receiver operating characteristic analyses, homeostatic model assessment of b-cell function (HOMA-b) was the most robust predictor of insulin independence [area under the curve (AUC) = 0.88; 0.73 to 1.00].
Conclusions: Normal preoperative glucose status and lower fasting and postchallenge OGTT glucose values are significant predictors of insulin independence after TPIAT. Higher islet function (HOMA-b) was the strongest predictor. OGTT testing may be a useful tool to aid in patient counseling prior to TPIAT and should be further investigated. (J Clin Endocrinol Metab 102: [801] [802] [803] [804] [805] [806] [807] [808] [809] 2017) T otal pancreatectomy with islet autotransplantation (TPIAT) is a surgical procedure increasingly used for patients with refractory abdominal pain secondary to chronic pancreatitis. In this procedure, the explanted pancreas is digested and the tissue, including islets, is infused into the patients' portal vein (1) . Postsurgical rates of insulin independence have been reported up to 50% (2) . Even so, there is considerable variability among studies, likely related to variable definitions of insulin independence and length of follow-up (3) (4) (5) (6) (7) (8) . A recent meta-analysis of 362 patients from 5 studies found an average 1-year insulin independence rate of 28.4% (9) . The procedure is generally well tolerated, with similar mortality to total pancreatectomy alone. However, TPIAT may occasionally result in additional morbidity for some patients, including bleeding, portal vein thrombosis, or septicemia from contaminated islet preparations (10) . Additionally, there is an added cost for isolating and transplanting islet tissue. Thus, TPIAT might not be appropriate for all patients. Whereas TPIAT is performed primarily for pain control in patients with chronic pancreatitis, identifying preoperative predictors of insulin independence may facilitate improved patient selection, more effective counseling about expected glycemic outcomes after surgery, and more judicious allocation of resources.
Although the first islet autotransplantation procedure was performed almost 40 years ago (11) , reliable presurgical predictors of insulin independence after TPIAT have yet to be identified. The sole predictor of insulin independence consistently reported in prior studies is higher islet yield (2, 3, 8, 12, 13) , which cannot be determined prior to transplantation. Although well described, islet yield is not a perfect predictor of insulin independence, and identifying novel predictors is imperative for better patient selection. A few studies have suggested some preoperative factors as being related to postsurgical insulin independence, such as higher stimulated C-peptide after mixed meal tolerance, female sex, lower body weight, or other pancreatitis-related features (6, 8, (12) (13) (14) . However, sample sizes were small and outcomes often poorly defined in these studies. To our knowledge, no study has comprehensively examined the relationship of preoperative glycemic status to insulin requirement following TPIAT. In the general population, markers of impaired b-cell function (15) and impaired glucose tolerance (16) are related to a higher risk of developing diabetes, and it is unclear whether a similar relationship may exist in TPIAT candidates.
In the present study, we sought to investigate preoperative glycemic predictors of insulin independence 1 year after TPIAT among patients without diabetes operated on at our institution from 2011 to 2016. Our hypotheses were: 1) lower preoperative fasting, 1-hour, and 2-hour oral glucose tolerance test (OGTT) glucose levels would be predictive of 1-year insulin independence; 2) higher fasting, 1-hour, and 2-hour insulin/C-peptide levels would be predictive of insulin independence; and 3) those with preoperative prediabetes compared with those with normal glucose status would be less likely to have insulin independence at 1 year after TPIAT.
Materials and Methods

Study population
Thirty-nine patients underwent TPIAT and had 1-year follow-up data available at Johns Hopkins Hospital from August 2011 to April 2016. All patients underwent preoperative glucose testing, including measures of hemoglobin A1c (HbA1c) and a 75-g OGTT at #3 mo before TPIAT. Of the 39 patients, we excluded 5 with a preoperative diagnosis of diabetes mellitus based on the American Diabetes Association's diagnostic criteria for diabetes, including HbA1c $ 6.5% (48 mmol/mol), fasting glucose $ 126 mg/dL, and/or 2-hour glucose on OGTT of $200 mg/dL (17) . Thus, 34 patients without diabetes who had 1-year TPIAT data available were included in the present analysis.
The Johns Hopkins University Institutional Review Board approved the study, and all patients gave informed consent.
Preoperative glycemic predictors
Preoperative laboratory testing included HbA1c and an OGTT in which glucose, insulin, and C-peptide values were obtained fasting, 60 minutes, and 120 minutes after an oral 75-g dextrose challenge. Impaired fasting glucose (IFG) was defined as a fasting glucose 100 to 125 mg/dL, impaired glucose tolerance (IGT) as 2-hour glucose on OGTT of 140 to 199 mg/dL, and at high risk for diabetes as 
Operative procedure
Patients underwent total pancreatectomy with on-site isolation and islet transplantation into the portal vein during the same surgery. Islet counting was performed using an automatic counter in 29 of 34 cases (85%), and manual counting was used in the final 2 cases. In 3 instances, counts could not be obtained due to technical difficulties with the automatic counter. Following the procedure, all patients were admitted to a surgical intensive care unit, managed with intravenous insulin infusion with tight goal glucose of 100 to 120 mg/dL, similar to other centers (19) . At postoperative day 3 patients were transitioned to subcutaneous basal insulin therapy with additional prandial and correction insulin added as needed. Diabetes education was given and insulin doses were adjusted as necessary to achieve glucose goals similar to other patients with diabetes. Daily morning C-peptide measurements were obtained. All patients were discharged on subcutaneous insulin regimens including basal and/or bolus insulin for at least 3 months unless prevented by recurrent hypoglycemia, a common practice to "rest" the islets after TPIAT (3).
Postoperative care
Patients returned every 3 months until 1-year follow-up for clinical evaluation, repeat OGTT testing, and attempt to wean insulin. For patients who did not meet the diagnosis for diabetes using either OGTT or HbA1c criteria and who were also using ,10 U of basal insulin, an attempt was made to wean to no insulin. If an oral agent was needed, a dipeptidyl peptidase IV inhibitor was preferred to aid in postprandial hyperglycemia.
Outcome assessment
The primary outcome for our analysis was insulin independence 1 year after TPIAT, defined as having no requirement for any insulin therapy at that time and an HbA1c ,6.5%. At the 1-year follow-up, information was collected on use of insulin therapy or oral hypoglycemic agents. HbA1c was obtained for all patients. An OGTT was obtained for those who were insulin-independent. One-year determination of insulin independence was based on clinical evaluation in endocrinology outpatient clinic at the visit closest to the 12-month postoperative date, but had to be 63 months from this date. If there was no 1-year follow-up visit by this definition, but the patient was found to be insulin-independent at a subsequent visit, they were assumed to be insulin-independent at 1 year. If the last visit documented was after 3 months but prior to the 1-year postoperative date using this definition, and they were insulin-dependent at that time, they were considered to also be insulin-dependent at 1 year.
Covariates
We collected self-reported information preoperatively on age, race, sex, and characteristics of pancreatitis. Body mass 
Statistical analysis
Differences in preoperative characteristics between groups, categorized according to 1-year insulin requirement, were calculated using the Student t test for continuous variables and Fisher's exact tests for categorical variables.
Sequential logistic regression models explored the relationship of individual glycemic predictors to the primary outcome of 1-year insulin independence: model 1 was unadjusted and model 2 was adjusted for age. A sensitivity analysis investigated further adjustment for islet yield. Receiver operating characteristics (ROC) were calculated via nonparametric estimation of the ROC curve, producing confidence intervals for the area under the ROC curve.
An analysis for the secondary outcome of "well-controlled" glycemic status was performed, defined as HbA1c ,7% and insulin independence or requirement of #5 U of basal insulin at 1-year follow-up.
A 2-tailed P of ,0.05 was used to indicate statistical significance. All analyses were performed using Stata version 14.1 (StataCorp, College Station, TX).
Results
Baseline patient characteristics according to 1-year insulin status are shown in Table 1 . Twenty-nine percent of patients (10 out of 34) were completely insulin-independent at 1 year. Comparing patients that were insulin-independent vs -dependent, mean age was lower, a greater proportion were female, and mean BMI was lower. The patients were predominantly white. Among those that were insulinindependent at 1 year, preoperative prediabetes was present in 10%, and among those that were insulindependent at 1 year, preoperative diabetes was present in 67% (P , 0.01). Islet yield was significantly higher in the insulin-independent group.
Mean 1-year follow-up occurred at 11.8 6 2.1 months after TPIAT. For 1 patient, the last follow-up visit was at 8 months, at which time the patient was insulindependent. For 1 other patient, the only follow-up visit was at 19 months, at which time the patient was insulinindependent with HbA1c ,6.5%. In the insulinindependent group, mean HbA1c was 5.5% 6 0.33% (37 6 4 mmol/mol), and 2 of the 10 were on oral hypoglycemic agents for prediabetes. In the insulindependent group, mean HbA1c was 8.0% 6 2.62% (64 6 28 mmol/mol) at follow-up. The 24 patients in the insulin-dependent group were presumed to have diabetes based on HbA1c and/or continued requirement for insulin therapy. In the insulin-dependent group, 21% were on basal insulin only, 4% on bolus insulin only, and the remaining 75% were on both basal and bolus insulin. Of those using basal insulin, the mean daily dose was 12.0 6 6.0 U. Of patients requiring bolus insulin, 32% required sliding scale only, whereas the remaining also required mealtime nutritional insulin. Twenty-one percent of the insulin-dependent patients were also on oral hypoglycemic agents. All of the insulin-independent (100%; 10/ 10) and all but 1 of the insulin-dependent patients (97%; 23/24) had a detectable C-peptide at 1 year (mean, 12.6 6 6.4 months).
Supplemental Tables 1 and 2 
Regarding 75-g OGTT testing, as summarized in Fig. 1 , the mean 6 standard error glucose levels at times 0, 60, and 120 minutes for the insulin-independent group vs the insulin-dependent group were 82 6 3 mg/dL vs 94 6 3 mg/dL (P = 0.02), 109 6 12 mg/dL vs 161 6 12 mg/dL (P = 0.01), and 96 6 7 vs 122 6 9 mg/dL (P = 0.06). As summarized in Fig. 1 , mean insulin levels during OGTT did not differ significantly between the 2 groups, although they were generally higher in the insulinindependent group. There was no significant difference in C-peptide values at any time point by group. HOMA-b values (n = 26) significantly differed between the insulinindependent vs insulin-dependent group (262% 6 87% vs 90% 6 13%, P , 0.01). Homeostatic model assessment of insulin resistance was similar in both groups.
Supplemental Table 3 shows mean differences in glycemic measures dichotomized by islet yield of ,500,000 islet equivalents (IEq) vs $500,000 IEq. Two-hour glucose on OGTT was the only measure that significantly differed between groups (P = 0.04), although several others had a trend toward significance.
In regression analyses, a normal (compared with prediabetes) preoperative glycemic status was a significant predictor of 1-year insulin independence in both unadjusted model 1 [odds ratio (OR) = 18.00, 1.93 to 167.99; P = 0.01), and when adjusting for age in model 2 (OR = 16.42, 1.73 to 156.37; P = 0.02). Table 2 lists the regression analysis for other glycemic predictors of 1-year insulin independence. All OGTT measures were dichotomized around the median. After age adjustment (Table 2 , model 2), fasting glucose # 90 mg/dL (OR = 6.56, 1.11 to 38.91; P = 0.04), 1-hour OGTT glucose # 143 mg/dL (OR = 6.65, 1.11 to 39.91; P = 0.04), and 2-hour OGTT glucose # 106 mg/dL (OR = 11.74, 1.46 to 94.14; P = 0.02) were all significant predictors of insulin independence. Fasting insulin and C-peptide levels at any time point on OGTT and preoperative HbA1c were not predictive of insulin independence.
In other regression models, HOMA-b (.88.9% vs #88.9%) was not a significant predictor of insulin independence. However, all of the 11 patients in the lowest tertile of HOMA-b levels (,72%) were insulin-dependent at 1 year. Tables 3 and 4 demonstrate the ROC curve area under the curve (AUC) values for glycemic measures in our cohort. Regarding predictors of insulin independence, HOMA-b had the highest AUC of 0.88 (0.73 to 1.00; P , 0.01), followed by islet yield (AUC = 0.77, 0.58 to 0.96; P , 0.01). Regarding predictors of insulin dependence, 1-hour glucose on OGTT had the highest AUC of 0.80 (0.63 to 0.96; P , 0.01), followed by fasting glucose (AUC = 0.75, 0.57 to 0.94; P , 0.01), HbA1c (AUC = 0.74, 0.55 to 0.92; P = 0.01), and 2-hour glucose on OGTT (ROC = 0.71, 0.53 to 0.88; P = 0.02) for prediction of insulin dependence. The Youden index, which provides the optimal cutoff with the optimal sensitivity and specificity, is listed for each glycemic predictor in Tables 3 and 4 . Notably, the optimal cutoffs are 140.8% for HOMA-b and 119 mg/dL for 1-hour glucose, the strongest predictors of insulin independence and dependence, respectively.
In a sensitivity regression analysis adjusting for islet yield, normal glycemic status at baseline remained a significant predictor of insulin independence (OR = 17.76, 1.46 to 216.61; P = 0.03). However, the relationship of OGTT glucose measures with insulin independence was attenuated such that they were no longer significant (all P . 0.05). In secondary analyses, normal preoperative glycemic status remained a significant predictor of well-controlled glycemic status at 1 year (n = 12 out of 34 using this definition) after adjustment for age and islet yield (OR = 9.22, 1.22 to 69.74; P = 0.03). Fasting glucose became a stronger predictor in adjusted analysis (OR = 9.68, 1.35 to 69.26; P = 0.02). All other glycemic predictors had similar findings to the primary analysis. Figure 1 . Glucose, insulin, and C-peptide levels (mean 6 standard error) during a 75-g OGTT comparing those that are insulin-independent vs insulin-dependent at 1-year follow-up. For the insulin-independent vs insulin-dependent groups, levels for the fasting, 60-minute, and 120-minute glucose values were 82 6 3 mg/dL vs 94 6 3 mg/dL (P = 0.02), 109 6 12 mg/dL vs 161 6 12 mg/dL (P = 0.01), and 96 6 7 vs 122 6 9 mg/dL (P = 0.06). Similarly, levels for the fasting, 60-minute, and 120-minute insulin values were 10 6 2 mIU/L vs 8 6 1 mIU/L (P = 0.51), 75 6 21 mIU/L vs 56 6 8 mIU/L (P = 0.30), and 78 6 38 mIU/L vs 48 6 7 mIU/L (P = 0.19). Lastly, levels for the fasting, 60-minute, and 120-minute C-peptide values were 1.7 6 0.2 ng/ml vs 2.8 6 0.7 ng/ml (P = 0.31), 9.1 6 1.3 ng/ml vs 8.1 6 1.1 ng/ml (P = 0.61), and 10 6 2.2 ng/ml vs 8.8 6 1.0ng/ml (P = 0.46). press.endocrine.org/journal/jcemDiscussion Overall, our TPIAT insulin independence rate of 29% is similar to those reported in other analyses of 1-year outcomes (9) . Preoperative b-cell function, as measured by HOMA-b, was the most robust predictor of insulin independence in ROC analysis, with an AUC even greater than islet yield. In regression analyses, lower preoperative OGTT fasting, 1-hour, and 2-hour glucose levels were significantly related to 1-year insulin independence. This relationship may be mediated in part by islet yield, but islet yield can only be measured perioperatively. Normal (compared with prediabetes) glycemic status was a significant predictor of 1-year insulin independence. Furthermore, all patients with prediabetes, when defined as IFG and/or IGT, had 1-year insulin dependence. Importantly, approximately one-third of patients diagnosed with prediabetes met this criterion exclusively by IGT alone and would have been missed without preoperative OGTT testing.
Although few prior studies have reported that preoperative glycemic measures are related to islet yields during TPIAT (20), we found that this association was only significant for preoperative 2-hour glucose and islet yield in our study. In reviewing previously reported studies, the 75-g OGTT is not currently a part of the standard evaluation process prior to TPIAT at most other centers. As a result, OGTT parameters may not have been previously studied as potential predictors of insulin independence. Because OGTT is a part of the standard preoperative evaluation at our center, we were able to more comprehensively investigate the relationship of glycemic predictors to 1-year insulin independence. Consistent with our findings, a cohort study at the Cleveland Clinic noted that peak glucose during a mixed meal tolerance test preoperatively was inversely correlated with islet yield (8), a previously reported predictor of insulin independence. In our study, the 1-hour OGTT glucose level represented the "peak" glucose during the OGTT evaluation and was markedly higher in the insulin-independent group, suggesting a similar relationship, although note that OGTT time points during the early phase of OGTT were not available in our study. Another study used preoperative continuous glucose monitoring in TPIAT patients and found that a higher ratio of time spent above a glycemic threshold of 120 mg/dL, particularly after meals, was predictive of postprocedure insulin requirement (21) . We similarly found that 1-hour glucose levels #120 mg/dL on OGTT were significantly related to 1-year insulin independence, even when adjusted for islet yield (data not shown).
In prior studies, the prevalence of overt diabetes in those with chronic pancreatitis has been reported to be 30% to 40%. Additionally, up to 70% have abnormal glucose tolerance, with progressive worsening of glucose tolerance as duration of pancreatitis increases (22) . Reference Reference
The n for each laboratory is as follows: fasting glucose (n = 34); 1-hour glucose (n = 32); 2-hour glucose (n = 33); fasting C-peptide (n = 28); fasting insulin (n = 27); HbA1c (n = 34). The cutoff offering optimal sensitivity and specificity.
Studies using OGTT in those with cystic fibrosis similarly demonstrate that elevations of glucose at 1 hour are associated with a higher risk of developing diabetes (23) .
Although the interpretation of 1-hour glucose on OGTT may not be as standardized, many experts still recommend obtaining this value as a marker of early b-cell dysfunction in chronic pancreatitis populations (24) . Predicting who will progress to overt diabetes is challenging, but there is evidence that OGTT improves the predictive strength of models for future risk of diabetes in the general population (25) , although results are admittedly mixed (16, 26) . Reduced HOMA-b, a measure of b-cell reserve, has been shown to be lower in individuals from the general population who eventually progress to either IGT or prediabetes (15) . In our TPIAT study, patients with a prediabetes state, higher 1-hour glucose on OGTT, or lower HOMA-b preoperatively were much more likely to require insulin therapy at 1 year. All of these measures reflect impaired b-cell function at baseline. These high-risk individuals may be at greater long-term risk of developing diabetes even without any surgical intervention. After potential islet disruption and partial loss of viability during transplantation, it is perhaps not surprising they are at increased risk of requiring insulin after TPIAT. Although islet yield has been a consistent predictor of insulin independence in other studies, and the relationship of some of our preoperative glycemic predictors to 1-year insulin independence may ultimately relate to the recovered islet yield during surgery, many of the glycemic predictors we examined did not significantly differ by high vs low islet yield. Additionally, the association of normal (vs prediabetes) status with insulin independence remained significant when accounting for islet yield in regression analyses, providing further evidence that islet yield alone is not sufficient for prediction of insulin independence. Also, importantly, information on islet yield is not available until the time of surgery.
Strengths of our study include the comprehensive characterization of diabetes status preoperatively, including performance of a 2-hour OGTT for glucose, insulin, and C-peptide which also included a 1-hour level. This allowed us to classify glucose status using standard clinical diagnostic criteria and identify novel glycemic predictors of insulin independence after TPIAT. The performance of OGTT testing in our study, including 1-hour glucose levels, is consistent with recent recommendations for screening of patients with chronic pancreatitis for the presence of diabetes (24) . Although prior studies had relatively more ambiguous definitions of insulin requirement, including partial graft function (3), our strict definition of insulin independence for our outcome allowed us to draw more clinically meaningful conclusions. We did not exclude patients because of demographic information or pancreatitis etiology. Additionally, as there are currently less than a dozen TPIAT centers nationally, accrual of patients may take a few years and our patients had a relatively wide and diverse catchment area, making our results more generalizable.
Limitations of our study include the sample size of our cohort. Although similar when compared with studies reported by other centers in the United States (2, 4, 5, 8, 12, 21, 27, 28) , the relatively small population limits statistical power, particularly for regression analyses. Some patients did not have complete data for preoperative OGTT testing, particularly for postchallenge C-peptide and insulin. Also, our OGTT testing did not include time points earlier than 1 hour, making it possible that an earlier glycemic spike was missed. We did not require laboratories to be drawn at our institution for patient convenience, which could have impacted measurements. Reliability of islet counts should also be considered, as automatic counting was used for most patients in our study, which may overestimate islet yield as compared with manual counting. Although the method of islet counting does not impact the glycemic outcomes of our study, it should be considered in interpretation, particularly when comparing the results of our study to those from other centers. The potential imprecision of automated islet counting may have a The cutoff offering optimal sensitivity and specificity.
doi: 10.1210/jc.2016-2952 press.endocrine.org/journal/jcemimpacted the results of sensitivity regression analyses, yet we were still able to detect significant associations. A formal validation study is needed in the future to compare differences in the estimates of islet yield obtained from automatic vs manual counting. Future studies are also needed to explore whether specific genetic mutations may be related to insulin independence after TPIAT. In this study, we report our experience with routine 2-hour OGTT testing as part of the standard preoperative evaluation prior to TPIAT. As a result, we were able to identify several glycemic predictors of insulin independence 1 year after TPIAT. In our cohort, normal glucose status, lower preoperative fasting, 1-hour and 2-hour glucose levels on OGTT, and higher b-cell function (as estimated by HOMA-b) were shown to be strong predictors of insulin independence. All patients with prediabetes preoperatively, when defined as IFG and/or IGT, had insulin dependence at 1 year, with many patients being identified solely on the basis of having impaired glucose tolerance. To date, islet yield has been the only consistent predictor of insulin independence reported in other studies but can only be ascertained during transplantation. Preoperative glycemic predictors offer the promise to identify those most likely to have insulin independence long-term. Although further studies are needed, our results support the potential utility of OGTT in presurgical evaluation as a low-cost and potentially very useful preoperative diagnostic assessment to improve selection and counseling of TPIAT candidates regarding postoperative insulin independence.
